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[ATLAS, talk at the EPS conference]  [CMS‐PAS‐SUS‐11‐003] 

PredicXons for total cross secXons for producXon of squark and gluino are 
one of the most important theoreXcal inputs in determinaXon of limits → 

predicXons for # of signal events 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Eichten, Quigg'85] 



  NLO SUSY‐QCD correcXons → O(αs3 )   [Beenakker, Höpker, Spira, Zerwas'96] [Beenakker, 
Krämer, Plehn, Spira, Zerwas’97] 

  EW correcXons → O(αs2 α)   [Hollik, Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik,  Mirabella, 
Trenkel'08] [Beccaria et al.'08] [Mirabella'09] [Germer, Hollik, Mirabella, Trenkel’10] ] [Germer, Hollik, 
Mirabella’11] 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… 

e.g. 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and 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anXstop producXon:approximate 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contribuXons → 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[Langenfeld, Moch'09] [Langenfeld’10] 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[Beenakker, Höpker, Spira, Zerwas’97] NLO SUSY QCD K‐factors, LHC @ 7 TeV 

 plot courtesy of S. Brensing 

Large NLO K‐factors, 
in parXcular for 
gluino‐pair and 
squark‐gluino 
producXon  

SUSY‐QCD: only msquark and 
mgluino dependence  

K_xx_NLO=σ NLOxx   /σ LOxx 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For higher masses, 
theory error due to 
scale variaXon will 

be bigger!   



  Large masses of SUSY parXcles ⇒ producXon close to threshold 

  General structure of the NLO correcXon in the threshold limit 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A(i) log2(β2) + B(i) log(β2) + C(i) 1
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}

→ LO Coulomb correcXons  (αs/β)n resummed  for         
and  
→ Subleading Coulomb correcXons and bound state 
effects  analysed  in NRQCD @NLO for         and  
[Hagiwara, Yokoya’09] [Kauth, Kühn, Marquard, Steinhauser’10‐11] 
[Kauth, Kress, Kühn’11] 

€ 

˜ q ̃  q 

€ 

˜ g ̃  g 

€ 

˜ g ̃  g [Kulesza, Motyka’09] 

€ 

˜ g ̃  g 

€ 

˜ q ̃  g 

ResummaXon of sot and Coulomb correcXons together [Beneke, Schwinn, Falgari’09], applied to 
                                                                                                                                                   at NLL 

€ 

˜ q ̃  q 
[Beneke, Schwinn, Falgari’10] 



08/30/11 A. Kulesza, How to improve on results of SUSY searches: higher order correcDons to squark and gluino producDon cross secDons 



  This talk is not about how resumming of sot QCD 
correcXons can be done… 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  This talk is not about how resumming of sot QCD 
correcXons can be done…  

  … but about what resumming of these correcXons can do to 
squark and gluino SUSY producXon cross secXons 

08/30/11 A. Kulesza, How to improve on results of SUSY searches: higher order correcDons to squark and gluino producDon cross secDons 



08/30/11 A. Kulesza, How to improve on results of SUSY searches: higher order correcDons to squark and gluino producDon cross secDons 

SystemaXc reorganizaXon of perturbaXve series 
σ̂ ∼ c00 +

+

+

αs

(

α2
s

(
c12 log2 (

β2
)

c24 log4 (
β2

)

. . .

+

+

c11 log
(
β2

)

c23 log3 (
β2

)

. . .

+

+

c10

c22 log2 (
β2

)

. . .

)

+ . . .

)
NLO 

NNLO 

αs
n log 2n(β2)  αs

n log 2n‐1(β2) 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SystemaXc reorganizaXon of perturbaXve series 
σ̂ ∼ c00 +

+

+

αs

(

α2
s

(
c12 log2 (

β2
)

c24 log4 (
β2

)

. . .

+

+

c11 log
(
β2

)

c23 log3 (
β2

)

. . .

+

+

c10

c22 log2 (
β2

)

. . .

)

+ . . .

)
NLO 

NNLO 

αs
n log 2n(β2)  αs

n log 2n‐1(β2) 

FactorizaXon: space of Melin moments N ,taken wrt.  4m2/S   log(β2)↔log(N)≡L 

σ̂(N) ∼ C(αs) exp [Lg1(αsL) + g2(αsL) + αsg3(αsL) + . . . ]

sums up                     LL:    αs
n log n+1 (N)       NLL:    αs

n log n (N)   



  ResummaXon performed in the space of Mellin moments 

  NLL: sot wide‐angle emission can change the colour structure of the underlying hard 
sca5ering 

  Accounted for by sot anomalous dimension matrices Γij 

  Need to know  1‐loop  Γij  for for all four processes of squark and gluino producXon in order 
to resum up to NLL 

  CalculaXons confirm that sot gluon  radiaXon only “feels”  the total colour charge of the 
heavy‐parXcle pair produced at threshold 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[AK, Motyka, Phys.Rev.LeD.102:111802,2009] 
[Beenakker, Brensing, Krämer, AK, Laenen, Niessen, JHEP 0912:041,2009] 



  Threshold limit: NLL resummed partonic cross secXon  [Kidonakis, Sterman'96‐97]
[Bonciani, Catani, Mangano, Nason'98] 

  CondiXon: choice of orthogonal basis in colour space for which ΓIJ is diagonal in the 
threshold limit, here s‐channel basis [AK, Motyka’ 09] . In general possible to construct 
such basis in which ΓIJ diagonal to all orders [Beneke, Falgari, Schwinn’09] 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σ̃(res,N)
ij→kl =

∑

I

σ̃(0,N)
ij→kl,I ∆(N)

i ∆(N)
j ∆(soft,N)

ij→kl,I

∆(soft,N)
ij→kl,I = exp

[ ∫ Q/N

µ

dq

q

αs(q)
π

D(1)
ij→kl,I

]
, D(1)

ij→kl,I = lim
β→0

π

αs
2 Re (Γ̄II)

N‐moments of LO  Sot‐collinear radiaXon from 
incoming partons, universal, 

known 

Sot, wide‐angle emission, 
process dependent 

Sot anomalous dimension matrix 



  NLL resummed expression has to be matched with the full NLO result 

  Inverse Mellin transform evaluated using a contour in the complex N space according 
to 'Minimal PrescripXon’ [Catani, Mangano, Nason Trentadue'96] 

  NLO cross secXons evaluated with publicly available code PROSPINO [Beenakker, 
Hoepker, Krämer, Plehn, Spira, Zerwas] [hDp://people.web.psi.ch/spira/prospino/]               
[hDp://www.thphys.uni‐heildelberg.de/plehn/prospino/] 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σ(match)
h1h2→kl(ρ, {m2}, µ2) =

∑

i,j=q,q̄,g

∫ CMP +i∞

CMP−i∞

dN

2πi
ρ−N f (N+1)

i/h1
(µ2) f (N+1)

j/h2
(µ2)

×
[

σ̂(res,N)
ij→kl ({m2}, µ2) − σ̂(res,N)

ij→kl ({m2}, µ2)
∣∣∣

NLO

]

+ σNLO
h1h2→kl(ρ, {m2}, µ2) ,



  Scalar SUSY‐partners of  let‐ and right‐handed fermions mix: weak interacXon 
eigenstates            mix into mass eigenstates   

  The off‐diagonal terms in the mixing matrix are proporXonal to fermion mass, mf 

  Stop likely to be the lightest squark  

Strongest mixing in the 3rd generaXon, in parXcular in the stop sector 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ResummaXon for stop‐anXstop and 
sbo5om‐anXsbo5om producXon 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RESULTS FOR 7 TEV 
(for 14 TeV, see e.g. W. Beenakker, S. Brensing, M. Krämer, AK, E. Laenen, 

L.Motyka and I. Niessen, , IJMP A26 (2011) 2637) 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q̃g̃
q̃q̃
q̃¯̃q
g̃g̃

PRELIMINARY

[Beenakker, Brensing, Krämer, Kulesza, Laenen, Niessen’10]

σNLO+NLL[pb], LHC,
√

S = 7TeV

mq̃ = mg̃

m[GeV]

12001000800600400200

103

102

101

100

10−1

10−2

10−3

Width of the bands: theory error due to scale variaXon 0.5 < μ/m < 2,  
   68%  C.L. pdf error and αs error 

MSTW 2008 



pp → q̃q̃ + X
pp → q̃¯̃q + X
pp → q̃g̃ + X
pp → g̃g̃ + X

√
S = 7 TeV

mq̃ = mg̃ = m

µ = m

KNLL

m[GeV]
12001000800600400200

1.30

1.25

1.20

1.15

1.10

1.05

1.00

  Sot‐gluon resummaXon 
enhances the cross secXons 

  Highest correcXons for the 
gluino‐pair producXon: 20% 
correcXon to the NLO results for 
mgl= 1 TeV 

  For the squark‐gluino channel, 
NLL correcXon reaches 10% at 
msq= mgl= 1 TeV 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MSTW 2008 

[W. Beenakker, S. Brensing, M. Krämer, AK, E. Laenen, L.Motyka and I. Niessen, arXiv:1105.1110] 



  Squark‐gluino producXon    Gluino‐pair producXon 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LO
NLO
NLL + NLO

σ ( pp → g̃g̃ + X ) [pb]
√

S = 7TeV

µ0 = m = 1.2TeV

µ/µ0

5210.50.20.1

0.0014

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

0.0000

Significant reducXon of the scale dependence for NLL+NLO compared to NLO, 
especially for gluino‐pair producXon 

MSTW 2008  MSTW 2008 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PRELIMINARY
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LO
NLO
NLL + NLO

σ ( pp → q̃g̃ + X ) [pb]
√

S = 7TeV

µ0 = m = 1.2TeV

µ/µ0

5210.50.20.1

0.014
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0.010
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0.006

0.004
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0.000



  Squark‐gluino producXon    Gluino‐pair producXon 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NLO, µ = 2m
NLO + NLL, µ = 2m
NLO + NLL, µ = 1

2
m

NLO, µ = 1

2
m

PRELIMINARY

µ0 = m

σ(µ)
σ(µ0) ( pp → g̃g̃ + X )
√

S = 7 TeV

[Beenakker, Brensing, Krämer, Kulesza, Laenen, Niessen’10]

m[GeV]

12001000800600400200

1.25

1.20

1.15

1.10

1.05
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0.95

0.90

0.85

0.80

0.75

Theory error due to scale variaXon below 10% for NLL+NLO 
down by a factor of 2 (squark‐gluino) or  a factor of 4 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[Beenakker, Brensing, Krämer, Kulesza, Laenen, Niessen’10]

m[GeV]

12001000800600400200

1.25

1.20

1.15

1.10

1.05

1.00

0.95

0.90

0.85

0.80

0.75

q̃g̃
q̃q̃
g̃g̃
q̃¯̃q

PRELIMINARY
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  Squark‐gluino producXon    Gluino‐pair producXon 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Significant reducXon of the FULL theory error due to reducing the scale variaXon!  

NLO + NLL scale var.
NLO + NLL scale var. + pdf + αs

NLO scale var. + pdf + αs

pp → q̃g̃ + X MSTW2008
√

S = 7 TeV

m[GeV]

12001000800600400200

1.40

1.30

1.20

1.10

1.00

0.90

0.80

0.70

0.60 NLO + NLL scale var.
NLO + NLL scale var. + pdf + αs

NLO scale var. + pdf + αs

pp → g̃g̃ + X MSTW2008
√

S = 7 TeV

m[GeV]
12001000800600400200

1.50

1.40

1.30

1.20

1.10

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

[W. Beenakker, S. Brensing, M. Krämer, AK, E. Laenen, L.Motyka and I. Niessen, arXiv:1105.1110] 



08/30/11 A. Kulesza, How to improve on results of SUSY searches: higher order correcDons to squark and gluino producDon cross secDons 

Most precise predicXons for squark and gluino producXon rates currently available 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scale dependence for 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Krämer, Plehn, 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Zerwas’97] Status: NLO SUSY‐QCD 
             NNLO dominant contribuXons [Langefeld’10] 

Here: NLL+NLO 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  NLL+NLO analysis also performed for producXon of squarks and gluinos at the 
Tevatron 

  CDF mass limits revisited 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secDons 

[Beenakker, Brensing, Krämer, AK, Laenen, Niessen, JHEP 0912:041,2009] 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  Auxiliary informaXon publicly available, 
including signal acceptance Xmes efficiency 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  Up to 50 GeV shit due to NLL 
correcXons 

  Shits in the exclusion limits 
similar in size independently of 
the test staXsXc used 

  For higher masses expect bigger 
impact on the exclusion limits! 



  Our new calculaXons of the NNLL cross secXon for squark‐anXsquark producXon 
show that contribuXons of higher order (i.e. above NLL+NLO) can be very important 
(significance of Coulomb terms → [Beneke,Falgari,Schwinn’10]) 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improve 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of SUSY searches: higher order correcDons to squark and gluino producDon cross secDons 

→ talk by Silja 
Brensing 



  All four processes of squark and gluino producDon at NLL+NLO 

  Beta‐version available at 

hKp://web.physik.rwth‐aachen.de/service/wiki/bin/view/Main/
BSMCrossSecDonWorkingGroup 

  For a given squark mass and a gluino mass the code returns: 
  LO and  NLO central values (from PROSPINO) 
  NLL+NLO central value 
  upper and lower scale variaXon error on NLL+NLO 
  upper and lower pdf uncertainty 
  upper and lower αs uncertainty 

  To speed up calculaXon, interpolaXon of the provided grids for squark and gluino masses 
in the range of 200‐2000 GeV 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→ LPCC BSM Working group 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  Results for the threshold‐resummed total cross secXon at NLL+NLO available for all four 
processes of squark and gluino pair‐producXon, as well as stop‐pair producXon 

  Significant reducXon of the theory error due to scale variaXon  

  NLL+NLO results are the most accurate predicXons currently available for all channels of 
squark and gluino producXon, should be used for determinaDon of mass limits at the LHC 
  Public code for calculaXng NLL+NLO cross secXons released 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search 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EXO‐11020 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